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ABSTRACT 
Analysis of Fatty Acids in Soil and Sediments
by
Deepika Pushpakanthl Panawennage
Dr. Spencer M. Steinberg, Examination Committee Chair 
Professor o f Chemistry 
University o f Nevada, Las Vegas.
Fatty aeids are one of the most important classes of naturally occurring organic 
compounds. Various organisms have distinctive fatty acid profiles. Therefore analyzing 
fatty acids present in soil and sediments can provide important information on sources of 
origin of the organic matter.
Analysis o f fatty acids by gas chromatography requires derivatization to produce a 
derivative volatile enough for gas chromatography followed by mass spectrometric 
(GC/MS) analysis. In this work conventional acid catalyzed derivatization methods and 
tétraméthylammonium hydroxide (TMAH) chemopyrolysis methods were examined and 
compared. Results obtained for Lake Mead sediments show the variation o f fatty acids 
profile with depth, which leads to an important information on sources o f organic matter 
present in the lake.
Ill
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CHAPTER 1 
INTRODUCTION
Fatty acids are naturally found in soil. The laek o f efficient methods to completely 
characterize these soil fatty acids in various soil components, limits the application of 
fatty acid data to soil chemistry and environmental problems. Because of the high 
resolution available in gas chromatography, fatty acids are generally analyzed by this 
technique. However to apply gas chromatography, compounds have to be volatile enough 
to get a good chromatographic resolution. Derivatizing fatty aeids to the corresponding 
methyl esters can increase the volatility o f the fatty acids. In this thesis, several 
derivatization methods including conventional acid catalyzed méthylation techniques and 
chemopyrolysis techniques were compared.
1.1.Fatty Aeids
Fatty acids are one o f the most important classes of naturally occurring organic 
compounds, and can be found in every living organism. These compounds persist in 
sediments and soil after the death o f the organism. Also many metabolic products of 
living organisms are composed, in part, o f fatty acids (Brondz, 2002). Scarce amounts of 
fatty acids are available in “free form” and generally fatty acids exist in nature in 
combination with complex molecules through ester or amide bonds (Brondz, 2002; 
http://www.eyberlipid.org). These bound fatty acids are ionically or covalently linked to
1
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alcohol, glycol, glycerine, phosphatidyl glyeerol, diphosphatidyl glycerol, phosphatidyl 
inositol, monogalactosyl glycerol, digalactosyl glyeerol, galaetosylglucosyl glycerol, 
aminosaccharides, proteins, or other molecules (Brondz, 2002). Only a small fraction of 
the total lipid fraction, obtained from extracting with a non-polar solvent, consists o f long 
chain free earboxylie acids and most fatty acids exist as esters o f glycerol or 
triacylglycerols (Solomons, 1996), Figure 1.1.
C H ,
y
y
y (
C H ? O  d ~  Ra
C H  O  C -  R ,
O
Figure 1.1. Triacylglycerol. R l, R2 and R3 are long chain carbon chain alkyl groups and 
may contain one or more carbon-carbon double bonds (Solomons, 1996).
Triacylglycerols are found as oils o f plants or animal fat. Hydrolysis o f these 
compounds may produce mixtures o f fatty acids (Figure 1.2).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C H ,
CH- ZP HydrolysisRz
CH ,-o_y
A fat or oil
CHg OH
CH OH +
CHz OH
Glycerol
Figure 1.2. Hydrolysis o f Triacylglycerol.
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Fatty Aeids
Most natural fatty aeids consist o f an even number of carbon atoms, due to the fact 
that they are biologically synthesized from two carbon units. However some fatty aeids 
may have an odd number o f carbon atoms or contain variety o f other functional groups 
such as alkyne, epoxy, hydroxy or keto groups and even ring structures (cyclopropane, 
cyclopropene, furan, and eyelohexyl) ( http://www.eyberlipid.org) . In addition, most 
fatty aeids are straight chain molecules (Solomons, 1996). Branched chain fatty aeids do 
occur and have unsubstituted carbon chains and can have one or several methyl groups 
(Brondz, 2002). Branched methyl substituted fatty acids are commonly associated with 
bacteria and are often found in sediments. Their abundance decreases rapidly with depth 
(Matsuda, 1977). Branched fatty aeids are not exclusive to bacteria. 14- 
Methylhexadecanoie acid was found to be characteristic for pine seed oil (Wolff, 1997)). 
In animals, 2- and 4- methyl fatty aeids are found in the uropygial gland of ducks 
(Kolattukudy, 1991) as well as in the guinea pig harderian gland (Yasugi, 1991). Large 
quantities of C14 to C30 fatty aeids with a branch as well as odd-chains were found in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sponges (Carballeria, 1989). For example, 20-methyl-hexaeosanoie acid was elucidated 
in sponges from Canary Islands (Neehev, 2002) while some monomethyl polyunsaturated 
fatty acids were found in marine sponges (Cahalleira, 2001). Unusually hranehed fatty 
aeids have also heen isolated from the glyeolipids fraction o f fresh water sponges as 
minor components (Demhitsky, 2003). An example o f unusual fatty acid of 
eynohacterial origin, 12,12-Dimethyl-trideeanoie acid is shown in Figure 1.3 
(http://www.eyherlipid.org).
H O
Figure 1.3. An Unususal Branches Fatty Acid.
Naturally occurring fatty acids may consist of saturated or unsaturated earhon chains. 
Cis-unsaturated fatty acids, have considerably lower melting points than those of 
saturated fatty acids because the cis configuration o f the double bond puts a rigid bend in 
the carbon chain which interferes with crystal packing (Solomons, 1996). The Table 1.1 
shows the list o f most common saturated fatty acids. A few sources including sponges 
contain branched polyunsaturated fatty aeids (Rezanka, 1989). For example, freshwater 
sponges were shown to contain di-, tri-, and tetramethyl substituted dienoic, tetraenoic, 
and hexaenoic fatty acids (Rezanka, 2002).
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Table 1.1. Most Common Saturated Fatty Acids (http://www.eyberlipid.org).
lUPAC Name Trivial Name
Shorthand
Designation
Molecular
Weight
Butanoie Butyric 4:0 88.1
Pentanoie Valerie 5:0
Hexanoic Caproic 6:0 116.1
Octanoic Caprylic 8:0 144.2
Nonanoic Pelargonie 9:0 158.2
Decanoie Caprie 10:0 172.3
Dodeeanoie Laurie 12:0 200.3
Tetradeeanoie Myristie 14:0 228.4
Hexadeeanoic Palmitic 16:0 256.4
Heptadecanoie Margaric(daturie) 17:0 270.4
Octadecanoie Stearic 18:0 284.4
Eicosanoie Araehidic 20:0 412.5
Doeosanoie Behenie 22:0 340.5
Tetraeosanoie Lignocerie 24:0 368.6
Hexaeosanoie Cerotic 26:0 396.7
Heptacosanoie Carboeeric 27:0 410.7
Octacosanoic Montanie 28:0 424.8
Triaeontanoie Melissic 30:0 452.9
Dotriaeontanoie Laeeeroic 32:0 481
Tritriacontanoie Ceromelissic(psyllie) 33:0 495
T etratriaaeontanoic Geddic 34:0 509.1
Pentatriacontanoic Ceroplastic 35:0 523.1
Fatty Aeids Nomenclature: <number o f carbon atoms>: <number o f double bonds>
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1.2 History of Fatty Acids Analysis 
In spite of the absence of sophisticated analytical instrumentation, investigators prior 
to 1935 made considerable contributions to our knowledge o f fatty acid compositions of 
natural lipids (http:www.cyberlipid.org). Since the first works o f Chevreul, M.E., and for 
about a century, chemists isolated lipids using only their solubility properties in different 
solvents. Chevreul, M.E. investigated the chemical nature o f a sample o f soap while he 
was working in the Vauquelin’s laboratory as a preparator. During his academic career he 
published a long series o f papers, on the saponification of fatty acid esters. By diluting 
soap from pig fat in water, he found that a portion o f the fat dissolved and that a fraction 
o f these materials deposited as small pearly crystals. Then this deposited substance was 
decomposed using acid, which resulted in a solid fatty substance with acidic properties in 
contrast to original neutral fat. Then “new” compound was named as “margarin” and later 
“margarie acid” (Chevreul, 1813). In his second paper he reported the presence of 
“glycerine” and concluded that fat is a combination o f a glycerol and a earboxylie acid 
(Chevreul, 1815). His later work was mainly devoted to the saponification process. 
Chevreul, M.E. summarized all his research on fats in a monograph published in 1823. 
This monograph can be considered as the first book on lipochemistry. At this time 
chemical investigation techniques were poorly developed, therefore, Chevreul, M.E. may 
be considered not only as the father o f lipochemistry, and also o f the whole field organic 
chemistry.
Several techniques including distillation, crystallization and chromatographic that 
have been marked as more efficient methods for analysis of fatty aeids. Once laboratory 
vacuum distillation was introduced, this technique was reported to be used to distill fatty
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
acids, esters etc. Separation o f pure palmitic acid was carried out by high vacuum 
distillation in 1903 (Krafft, 1903). In 1906 (Haller et al.) reported the fractional 
distillation of methyl esters derived from coconut oil, without any quantification. In the 
same year 9-icosaenoic acid was isolated by fractional distillation o f methyl esters from 
cod liver oil (Bull, 1906). From analytical data, obtained by fi*actional distillation 
components, the composition of coconut oil (Elsdon, 1913) and the composition o f palm 
kernel oil (Elsdon, 1914) were calculated. Jamieson G.S. and Baughman, W.F. reported 
analytical fractionation o f methyl esters to determine the composition o f fatty acids in 
peanuts (Jamieson, G.S.; Baughman, W.F., 1921) and sunflowers (Jamieson, 1922). The 
fatty acid composition o f soybean oil was also reported by this method (Baughman, 
1922). Brown applied the same technique for beef brain lipids (Brown, 1930). Later, 
spinning-band columns were used to fractionate the same range o f fatty acids chain 
lengths. This method was applied to isolate and to identify 32 compounds from wool wax 
(Weitkamp, 1945).
The first chromatographic separations o f fatty acids were concerned with short chain 
acids (Smith, 1942; Elsden, 1946). Boldingh first used reversed polarity partition 
chromatography to separate fatty aeids (Boldingh, 1948). Thereafter, even numbered C6- 
C12 acids were separated using this same technique (Wittenberg, 1957). Then the 
invention o f gas liquid chromatography revolutionized the analysis o f fatty acids. Since 
the development o f gas chromatography this technique has become the most widely used 
technique for analysis o f fatty acids (Christie, 1989). In 1952 James and co workers 
published a description of the separation o f C 1-C12 carbon chain length free fatty aeids 
(James, 1952). Four years later, they discovered that methylating fatty aeids before gas
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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chromatography, could enhance their volatility, and allow separation below 250 '’C 
(James, 1956). At this time it was not possible to analyze complex mixtures, since it was 
not possible to apply higher temperatures to the detector of the instrument. When a liquid 
polyester phase was introduced as stationary phase, saturated and unsaturated fatty acids 
were conveniently separated (Orr, 1958). In 1963, the use o f capillary columns with very 
thin films, o f various polar phases, significantly improved the analysis o f fatty acids 
(Homing, 1963). Free fatty acids with medium or long carbon chains, can be extracted 
from aqueous media using a small Cig bonded phase column. This solid phase adsorption 
method was used to isolate fatty acids ethyl esters from alcoholic beverages (Battistuta, et 
al, 1994). An alternative method o f saponification using microwaves was introduced in 
1998. In this method a closed reactor containing the lipid sample and ethanolie KOH 
solution was irradiated for 2-3 minutes time in a microwave oven (Pinerio, et al, 1998). 
When a small amount of sample is available, saponification with ethanolie KOH was 
unsuitable, so a basic solution of IM  tétraméthylammonium hydroxide (TMAH) was 
found as an excellent reagent for hydrolysis (Woo, 1999). Gas chromatography coupled 
to mass spectrometry following headspace solid-phase micro extraction was used to 
determine C2-C7 free fatty acids in raw sewage, and this approach was found to be a 
highly reproducible and a sensitive method (Abalos, 2000).
1.3 Fatty Aeids as Biomarkers 
Molecular biomarkers can provide insight into the history o f a sample; they can 
provide information on past events and also about the future conditions, as the 
appearance o f certain compounds can be interpreted as early warning signals of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
environmental change. Usually biomarkers are easily recognized compounds, and that 
can be signatures o f the environmental condition o f a sample (Parrish, 2000). Biomarkers 
have been extensively studied in geochemistry, but now there is increasing interest for 
their application to ecology. Biomarker studies in environment samples greatly help with 
source identification of organic carbon in sediments (Volkman et al., 1998). Microbial 
biomarkers are indicators o f microbial populations (Salomonova, 2003). Lipids and 
nucleic acids are very important constituents in investigating and characterizing 
organisms, because o f their cellular abundance and chemical diversity in the microbial 
community (Drenovsky, 2004). Lipids occur in plants, animals and microorganisms, but 
in soil lipids mainly originate from plants and microorganisms. Anthropogenic sources o f 
fatty acids, such as petrochemicals and incomplete combustion products o f fossil fuel or 
coal dust, are also possible sources (Wiesenberg, 2004). Lipids are major cellular 
components and constitute o f wide variety o f structurally and functionally modified 
compounds (Drenovsky, 2004). In marine ecosystems most important lipid classes are 
triacylglycerols and phospholipids. These two components are biochemically related to 
each other, as they both possess a glyeerol backbone to which 2 or 3 fatty acids are 
esterfied, and they also share a common precursor (Parrish, 2000). And triacylglycerols 
are very important biological energy storage substances (Fraser, 1989).
Bacteria, sponges and certain plants have the ability to synthesize a variety o f 
structurally different fatty acids (Volkman, 1998; Wolff, 2001). Since many organisms 
have distinctive fatty acid profiles, fatty acids are o f interest for characterizing the 
organisms in various environments (Moldovan, 2002). Understanding the diversity and 
abundance o f fatty acids among living organisms is very useful to classify and determine
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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abundance and biological interactions between living organisms (Zhukova, 1999). For 
example, fatty acids with odd carbon chain lengths, such as 15 or 17 carbon atoms, and 
branched fatty acids are synthesized primarily from aerobic and anaerobic bacteria 
(Parkes and Taylor, 1983; Caudales and Wells, 1991; Harvey and Macko, 1997). C24 and 
longer chain fatty aeids are usually from higher plants (Pulehan, 2003). Some other 
examples of lipid biomarkers are shown in Tablel.2.
Variability in the distribution o f lipid biomarkers, and their molecular isotopic 
compositions, in Altamaha estuarine sediments were analyzed by W. Shi et al in 2001. 
Results suggest that particulate organic matter from terrestrial plant and marine 
phytoplankton are differentially deposited in the sediments. Organic matter from 
terrestrial plant material is dominant at initial, upper estuary mixing zone while organic 
matter from marine sources was mainly deposited in more intensive mixing zone. Long 
chain fatty acids, which are mainly originated from vascular plants, were buried in 
sediments mainly in chemically bounded (saponification-released) form while 
compounds from marine algae remain in the sediments in free (solvent-extractable) form. 
Further bacterial biomarkers are highly abundant, with high input o f fresh organic 
material, and this implies close relationship between bacterial activity and fresh active 
organic matter (Shi et al, 2001).
By analyzing, abundance and distribution o f fatty aeids in hydrothermal vent 
sediments o f the western Pacific Ocean, Yamanaka and Sakata (2004) suggest that 
concentration o f fatty acids in vent-surrounding sediments were higher than those o f non­
vent sediments. This indicates the intense primary production and a large biomass at the 
active vents. Furthermore they observed that the composition o f total fatty acids is rich in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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bacterial biomarkers, especially monounsaturated fatty acids (Yamanaka and Sakata, 
2004).
Table 1.2. Proposed lipid markers to represent taxonomic groups o f microorganisms 
(Green, 2000;Vestal, 1989;Salomonova, 2003)
Lipid marker Organism
il5:0, al5:0, 15:0, 16:lm5, il7:0, 17:0, 18:1©7 Most of bacteria
Branched PLFAs Gram-positive bacteria
Monounsaturated PLFAs Gram-negative bacteria
lOMe 18:0 Actinomyeetes
18:2co6e, 18:3©6c, 18:3co3c Fungi
16:2(o8e, 16:lco6c Methanotrophs I
18:l(o8c, 18:lco8t, 18:lco6c Methanotrophs 11
10Mel6:0, eyl8:0, (m7,8) Desulfobacter
il7:lfo7e, il5:lco7e, il9:lm 7c Desulfb vibrio
17:lo)6, 15:1 Desulfobulbus
il7:lco5, lOMe 18:lm6, llM e  18:lm6 Thiobacillus
cyl5 :l Clostridia
18:2co6 Cyanophytes
16:l(o3t, 20:5co5,20:5©3 Diatoms
16:l(ol3t, 18:3m3, 18:1©9 Green algae
18:l(o9 ,18 :lm ll, 18:3®3,20:5©3,26:0 Higher plants
20:2oo6, 20:3©6, 20:4m6 Protozoa
Fatty Aeids Nomenclature: <number o f carbon atoms>: <number o f double 
bonds>co<position o f the double bond from the methyl end o f the molecule.
For example, 16:1®7 denotes 9-hexadecanoie acid, which has 16 carbon atoms with one 
double bond at 7'** position from the methyl group.
* c-cis, t-trans
* 10 Me- Methyl group at CIO
* Prefixes i -  iso, a-anteiso, cy -cyelopropyl fatty acids
* PLFA-phospholipid fatty acids
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1.4 Analysis o f Fatty Acids in Soil and Sediments 
The diffieulty o f extracting representative lipid materials from soils, and in 
availability o f adequate techniques to completely characterize lipid components in soils, 
still limits the information available from the chemical composition of soil lipids 
(Wiesenberg, 2004). A significant amount o f research has been devoted to the 
development o f methods for analysis o f fatty acids, and recently these methods have 
advanced considerably. As new methods are introduced, conventional methods such as 
gravimetric, volumetric, spectrophotometric and colorimetric methods are becoming 
obsolete (Silva, 2004). Because o f the high resolution available in the capillary gas 
chromatography column, determination o f free fatty acids is most often carried out using 
gas chromatography (Christie, 1989). However for gas chromatographic analysis, 
compounds must have relatively high volatility, and this requirement can be achieved by 
analytical derivatization (Christie, 1993). Estérification or conversion o f earboxylie acid 
group into an ester is the most common derivatization reaction used in analysis o f fatty 
acids by gas chromatography, and Knapp summarized basic techniques o f derivatization 
in 1979. Estérification enhances gas chromatographic properties, which improves 
sensitivity. In order to achieve an optimum conversion of fatty aeids to esters, proper 
selection o f a derivatization technique is very important (Rosenfeld, 2002). The 
derivatization o f fatty aeids remains a subject o f ongoing interest in spite o f its extensive 
application (Park, 2001; Ostrowska, 2000). Estérification is the most common technique 
to derivatize fatty acids. The resulting esters have higher volatility, good peak 
morphology and good chromatographic separation (Rosenfeld, 2002). The most 
commonly used derivatives are alkyl ester derivatives, such as methyl, ethyl, propyl etc.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
(Brondz, 2002). However, methyl esters are most common. The wide ranges o f available 
méthylation and transestérification procedures, reagents, suitable equipment, and well- 
developed techniques are some o f the reasons (Brondz, 2002) for the popularity o f these 
derivatives. Methyl esters can be prepared by alkaline, acid or alkaline and aeid catalysis 
(Silva, 2004).
1.4.1 Conventional Aeid Catalyzed Derivatization 
Estérification o f bound fatty acids in the presence o f alkaline catalysts, such as 
sodium methoxide, requires only short reaction time and often can be completed at room 
temperature (Silva, 2004: Drenovsky, 2004). However, the presence of aeid catalysts can 
convert both free and bound fatty aeids to esters (Silva, 2004; Drenovsky, 2004). 
HCl/MeOH, HCl/EtOH or HaSOVisoPrOH can be used to derivatize saturated free fatty 
acids (Brondz, 2002). About 50 years ago, transestérification o f fatty acids with 
HCl/MeOH was described by Stoffel et al (Stoffel et al., 1959). Boron derivatives such as 
BFs or BCI3 are Lewis aeid catalysts that can be used with MeOH, for converting fatty 
aeids to methyl esters (Metcalfe, 1961; Minikin, 1967). BFs/MeOH was reported to be 
more successful than that o f milder BClg/MeOH (Morrison, 1964).
1.4.2 Pyrolysis Gas Chromatography Mass Spectrometry (Py-GC/MS)
Without any sample pretreatment, pyrolytic techniques followed by GC/MS analysis 
can provide detailed molecular level structural information on complex organic materials, 
and require only small amount o f samples (Del Rio, 1998). However, it was found that 
earboxylie acids present in pyrolyzed samples, were often deearboxylated during the 
process. In addition, other significant structural modifications occurred as a result of 
thermal reactions, and which may lead to misinterpretation o f the structure (Del Rio,
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1998: Lehtonen, 2000). Pyrolysis in the presence of tetramethyl ammonium hydroxide 
(TMAH) can minimize some of these complications (Challinor, 1989). When a sample is 
pyrolyzed in the presence o f TMAH, earboxylie and hydroxyl groups are methylated and 
form corresponding methyl esters or ethers. Volatile esters can be rapidly removed from 
the sample, thereby minimizing further structural changes. This will prevent 
decarboxylation and also increase volatility o f the fatty aeids that are liberated making 
them amendable to GC analysis (Del Rio, et al, 1998). Rapid formation o f volatile 
derivatives also reduces pyrolysis time. Pyrolysis methods have been successfully used 
for structural characterization o f lignin (Challinor, 1995; Clifford; et al, 1995). With 
TMAH, the overall degradation mechanism is termed chemopyrolysis rather than 
pyrolysis, as strongly basic TMAH not only acts as a methylating agent but also cleaves 
ester and ether bonds. Chemopyrolysis occurs at temperatures lower than traditional 
pyrolysis thereby reducing structural changes (Lehtonen, et al, 2000). The technique 
thermoehemopyrolysis in the presence o f TMAH has been introduced as an efficient 
method to analyze variety o f natural maeromoleeules (Chefetz, et al, 2000). This method 
requires minimal amount o f sample preparation, and is overall a very straightforward 
method.
Robb and Westbrook (1963) first showed that TMAH salt o f earboxylie aeids could 
be converted to corresponding methyl esters at a heated (330®-365*^C) injection port o f a 
GC. TMAH salts were prepared by titration or by ion exchange method and results 
obtained were only qualitative (Robb and Westbrook, 1963). The relationship between 
fatty aeid compositions o f zooplankton species was analyzed by thermochemolysis with 
TMAH (Ishida et al., 1998). McKinney et al. outlined a procedure for characterization of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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lignin at a sub-pyrolysis temperature o f 300^C, with TMAH, in a sealed glass ampoules 
(McKinney et al., 1995). A set o f biogeomacromolecules (such as fresh and degraded 
gymnosperm and angiosperm woods, proteins, polyesters, humic substances and 
dissolved organic matter in natural water) was examined by off-line TMAH 
thermocheomolysis. This methylates carboxylic acids and hydroxyl groups, and also 
induces cleavage o f p-o-4 ether bonds in lignin (del Rio; et al., 1998). Their analysis 
focused mostly on qualitative aspects, but for lignin some quantitative results were 
reported. To discriminate free and bound fatty acids in wood pulps, TMAH and 
tetramethyl ammonium acetate (TMAAC) were used in chemopyrolysis (Hardell and 
Nilvebrant, 1999). The chemical nature and structural composition o f some lake aquatic 
humic matter samples were elucidated using off-line TMAH chemopyrolysis by 
Lehtonen, et al., 2000. The major degradative products they obtained were methyl 
derivatives o f phenols, alkylphenols, phenolic acids and aliphatic acids (Lehtonen, et al., 
2000). Chefetz et al. studied structural changes o f soil organic matter with soil depth also 
using off-line chemopyrolysis. And they concluded this technique is very useful to 
analyze non-extracted soil organic matter. Monomethoxyphenyl and dimethoxyphenyl 
were identified as the main lignin derived products in soil. In addition a large fraction o f 
long-chain fatty acids were identified by this method (Chefetz et al., 2000). The TMAH 
chemopyroysis method was successfully used to analyze marine sedimentary organic 
matter in a Newfoundland ^ord, and they found out this method is a straightforward 
method to identify acidic or phenolic functional groups. The most abundant phenol in the 
near-shore sediments was identified as vanillic acid (Pulchan; et al, 2003). This technique
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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was also used for the characterization of residual lignin directly from softwood pulps 
(Ohra-aho et ah, 2005).
1.5 Fatty Acids in Lake Mead Sediments 
Hoover Dam, about the height o f a 60-story skyscraper is a marvel o f engineering, 
located in 60 miles southeast o f Las Vegas (http://www.pbs.org 
;http://www.frommers.com). In the 1930s, when Hoover Dam was constructed on the 
Colorado River, it created America’s largest man-made reservoir. Lake Mead which is 
110 miles long (http://www.pbs.org). The lake covers approximately 593 square 
kilometers (Nemr, 2004). This is one o f the most important water resources in the west, 
and it provides water to Arizona, Nevada, California and northern Mexico 
(http://www.earthobservstory.nasa.gov). When full, the lake contains approximately 36 
trillion liters or 9.3 trillion gallons (http://www.earthobservstory.nasa.gov). The Boulder, 
Virgin, Gregg Basins and Overton Arm are the four major basins in Lake Mead 
(http://www.earthobservstory.nasa.gov). Lake Mead provides recreational watercraft 
activities and domestic drinking and irrigation water for over 32 million people 
(http://www.waterontheweb.org/data/mead/). Water that flows to Lake Mead is primarily 
from the Colorado River (http://www.waterontheweb.org/data/mead/). The remaining 
three percent o f the water is delivered by tributaries on the northern side o f the lake and 
from Las Vegas Wash on the northwest side o f the lake 
(http://www.waterontheweb.org/data/mead/). Las Vegas Wash carries the valley’s excess 
water through artificial wetlands on its way to Lake Mead (http://www.lvwash.org). 
Urban runoff contributes a significant amount o f volume to the Wash, and may contain
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various pollutants such as bacteria, oil, grease, pesticides and nutrients from fertilizers, 
since water in the wash has collected from streets and flood channels 
(http:www.lvwash.org/wash/). Urban runoff is generally attributed to excess water used 
in the urban landscape, draining o f swimming pools to streets, the washing of vehicles 
and driveways (http:www.lvwash.org/wash). Sediments are picked up by Las Vegas 
Wash along its way to Lake Mead and deposited in Las Vegas Bay o f Lake Mead 
(http/www.lvwash.org/important/). Suspended particles are generally a combination of 
inorganic and organic matter (http/www.lvwash.org/important/). In earlier studies. Lake 
Mead sediments have been analyzed for lignin and organic matter (Nemr, 2004). In this 
study, sediments samples with at several sediment subsurface depths and from several 
locations were analyzed for fatty acids. Since fatty acids are an important set of 
biomarkers, analyzing fatty acids present in Lake Mead sediments may provide important 
information on source and origin o f organic matter (Steinberg; et al., 2003). Several cores 
were obtained from Las Vegas Bay and Boulder Basin of Lake Mead by vibracore (VC) 
or gravitycore(GC) methods (Nemr,2004). Core locations are shown on Figure 1.4.
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Figure!.4 Locations o f cores in Las Vegas Bay and Boulder Basin of
Lake Mead
Chemopyrolysis followed by gas chromatography, mass spectrometry was mainly 
used to analyze fatty acids in sediments. This method involves heating organic material 
in the presence o f TMAH. This procedure results in decomposition o f organic matter into 
simpler products and méthylation o f these components so that these compounds are 
amendable to GC. The presence of fatty acids in sediments cores was indicated by the 
occurrence o f ion fragment m/z 74 in a mass spectrum. Therefore in this study ion 
chromatograms corresponding to m/z 74 were used to identify fatty acids qualitatively as
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well as quantitatively in various samples. For unsaturated fatty acids, the (m/z) 74 ion is 
weak, so m/z 74 was not used exclusively. Retention time and comparison to standard 
library spectra were employed.
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CHAPTER 2
EXPERIMENTAL
2.1 Sampling
Sediment cores were collected from Las Vegas Bay and Boulder Basin, of Lake 
Mead, using a vibrating corer system with aluminum core liner, and gravity corer system 
with polycarbonate core liner as described in Nemr, 2004. Pahokee peat was obtained 
from International Humic Substances Society (IHSS). All samples were stored in the 
frozen state until use.
2.2 Reagents and Analytical Standards 
All fatty acid methyl esters standards were purchased from Nu-Chek-Prep, Inc., MN, 
USA. Triglyceride mix # 2 was purchased from Alltech-Applied Science Labs, which 
consists of trioctanoin, tridecanoin, tridodecanoin, tritetradecanoin and trihexadecanoin. 
Percentages by weight o f each triglyceride were 20.08%, 19.66%, 20.84%, 19.67% and 
19.73% respectively. Tetramethylammoniumhydroxide (TMAH) (25% in H2O) was 
obtained from J.T.Baker Inc., and was used for offline analysis. TMAH (10% in MeOH) 
was obtained from Aldrich Chemicals Company and was used for online analysis. 
Individual fatty acid and triacylglycerol standard solutions were prepared in 
dichloromethane. Dilutions were also carried out using dichloromethane. All solutions 
were stored in refrigerator until use.
24
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2.3 Analytical Derivatization 
Determination o f fatty acids requires analytical derivatization to form more volatile 
ester derivatives o f the molecules, rendering them more amendable to gas 
chromatographic analysis. In this thesis, conventional acid catalyzed derivatization 
methods as well as both online and offline tetramethyl ammonium hydroxide (TMAH) 
chemopyrolysis techniques were compared. TMAH chemopyrolysis involved heating 
organic material in the presence o f TMAH.
Conventional acid catalyzed derivatization involves refluxing soil/sediments sample 
in an acidic or basic medium. Refluxing in the presence o f an acidic or basic catalyst, 
releases free fatty acids. In addition fatty acids bound to the insoluble macromolecular 
fraction via ester bonds may be released (Silva; et al, 2004). In our work aimed at 
enhancing the extraction and detection o f these extracted fatty acids for gas 
chromatographic analysis and to compare conventional methods to chemopyrolysis. 
Estérification was done using both Lewis acid (BF3) and Bronsted acid (HCl ) catalysts 
with MeOH.
2.3.1 Online TMAH Chemopyrolysis 
The soil/sediments sample (5-10 mg) was inserted between quartz wool plugs, into an 
open quartz tube (2mmx20mm), which was previously cleaned by heating to 1000°C. 
The sample was saturated with lOul o f 10% w/w TMAH (or TMAAC), and placed into a 
heated pyrolysis interface. The current was passed through the platinum wire surrounding 
the sample, which was then rapidly heated to 500°C for 20 seconds. This temperature 
was found as the optimum temperature, by comparing ester yields obtained from two 
other temperatures (400°C and 600°C). The resulting methylated fatty acids are swept by
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a carrier gas (helium) into the GC column. Analyses were performed using the Pyroprobe 
2000 with a model 1500 interface connected to a Varian 3400 GC and Saturn III Ion trap 
Mass Spectrometer.
(A)
Pt Wire
Wool
Sample
Qz Tube
Clean twice 
Quartz (10004: 5 Sec) 
Tube
(B)
5-10 mg of sample (in 
between quartz wool)
10 tü of 
 ̂5% TMAH 
Dty(100°C  
10 Sec)
GC/MS ,P;?Tolysis 
(jOO^t; 
for 20 Sec)
Figure 2.1. Online chemopyrolysis (A) The Pyroprobe with the platinum wire (Steinberg, 
2003). (B)The schematic diagram showing chemopyrolysis method
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2.3.2 Offline TMAH Chemopyrolysis 
Approximately 100 mg of sediment/soil sample was placed into a glass ampoule 
(obtained from Wheaton Company) and 25ul o f 25% w/w TMAH in H2O was added to 
ensure excess reagent for reaction. Then lOOul o f distilled water was added to the 
ampoule. The sample was homogenized, dried in a vacuum dessicator, and then sealed 
under vacuum. Individual ampoules, wrapped with aluminum foil, and heated at 250°C 
for 30 minutes (30-minute time was found as the optimum time by comparing data 
obtained from different heating times). The resulting components were extracted using 
dichloromethane and filtered through a plug of silinized glass wool. The residue was 
dissolved in 5Oui o f dichloromethane, after evaporating the extraction solvent under 
nitrogen gas. Two micro liters o f this sample was analyzed by GC/MS.
in V acuutti 
Desiccator 
(untü dry)
25 ü  10% TMAH (HaOj 
100 U I D . H 2O
Seal the Ampoule
Concentrate 
under Hg 
jOulDCM
Extract with 
DCM
100 mg Sample 
fin glass Ampoule)
Baked in the 
Furnace 
2500C 30 mil
Figure 2.2. Flow chart showing the processes involve in offline TMAH chemopyrolysis
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2.3.3 Méthylation with BFg/MeOH 
Approximately 100 mg o f dried sediment/soil sample was placed in a glass screw cap 
test tube with Teflon lined cap (obtained from VWR International). Samples were 
subjected to saponification with 2 ml o f 6% KOH in MeOH (MeOH: H2O ratio 9:1 v/v) 
heating at 70 °C for 6 hours in an aluminum heating block. The supernatant was 
separated by centrifiigation and acidified to pH 2 using HCl. The resulting free fatty acids 
were extracted with 2 ml o f ethyl ether. The ether was evaporated under nitrogen gas. 
The residue was heated at 70°C for 1 hour with 2 ml o f 14% w/v BFa/MeOH, to convert 
acids to their corresponding methylated derivatives. The solution was diluted with 5 ml o f 
5N NaCl solution, and extracted using dichloromethane. The solvent was evaporated to 
near dryness under nitrogen gas. The residue was dissolved in 200ul o f dichloromethane, 
and 2ul o f this sample was injected into the GC/MS.
2 ml 6%K0H in 
MeOH/HjO
Acidify 
Supernatant 
pH=2 (HCl)
Extract 
with Ethjd 
Ether
Extract 
With DCM
Dry (Anhydrous 
N a^O ^
& Concentrate underN
Dissolve in 
400ul DCM
Too mg Sample 
(in S crew C ap 
^Classtuhe) V
Figure 2.3 BFg.MeOH acid catalyzed derivatization procedure
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2.3.4. Méthylation with HCl/MeOH 
Soil/sediment samples were treated using the method deseribed by Silva; et al., 2004, 
which was used to analyze fatty aeids in potato crisps. Dried soil/sediment sample (100 
mg) was weighed into a glass test tube with Teflon lined screw cap. Methanolie HCl 3 ml 
o f 5% (This solution was prepared by adding required amount o f aeetyl chloride 
dropwise into a cooled methanol solution in an iee-water bath) was added and test tube 
was elosed with a nitrogen atmosphere. The samples were heated in a heating bloek for 2 
hours at 70°C, afterwards 4 ml o f 6% K2CO3 was added, and the sample was extracted 
three times with ethyl ether. The eombined organic layers were dried using anhydrous 
Na2S04 , and were then evaporated to dryness under nitrogen gas. The resulting residue 
was dissolved in 400ul dichloromethane, and 2ul o f this sample was used for GC/MS 
analysis.
100 mg sampleX 3 ml of 5% HCl/MeOH
(in S crew C ap j -----------------------------
TestTube)
4ml of 6% K^CO'
C entrifugie 
( 1500 rpmOrganic Layer
for 10 min)
Dry (Anhydrous N a^O^) 
6  Concentrate Under
Dissolve 
in 400 ul Ether
Extract 
With 
.Ehiyl Ether
Figure 2.4 HCl/MeOH aeid eatalyzed derivatization method
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2.4 Gas Chromatography 
GC/MS analysis was performed using a Varian Saturn III GC/MS system. The gas 
ehromatograph was a Varian 3400, and it was fitted with a split/splitless injeetor and 
fused silica column (Supeleo EC-5, 0.25mm diameter, 25micron film). The GC was 
connected to Varian Saturn 3 lon-Trap MS, through a heated transfer oven. Helium was 
used as carrier gas, and was maintained at 10 PSI throughout the analysis.
Temperature programs for both online and offline GC/MS analysis were as follows; 
initial temperature held for 6 minutes at 40°C and then increased to 250°C with 
10°C/minute. After increasing to 280°C with 20°C /minute held for 15 minutes at 280°C. 
For online chemopyrolysis, a CDS Pyroprobe 2000 was used to pyrolyzed the samples. 
The sample was packed into 2 mm diameter quartz tube, and placed into a heated CDS 
model 5000 programmable GC interface. A current was passed through the platinum wire 
surrounding the tube and which was then rapidly heated to 500°C for 20 seconds. Helium 
carrier gas swept decomposition products into the GC column. The products were 
analyzed with a MS detector (Saturn Varian III Ion trap MS).
Isothermal products obtained by both online and offline techniques were identified by 
comparing collected mass spectra with the National Institute Standard Technology 2002 
(NIST 2002) mass spectral library.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 Analysis o f Fatty Acids by GC/MS 
Gas chromatography (GC) followed by mass spectrometry (MS) is a widely used 
analytical technique to analyze fatty acids. For GC analysis compounds must have 
relatively high volatility in order to have a reasonable elution time in the chromatogram. 
Derivatizing fatty acids into corresponding esters can increase volatility o f fatty acids. 
Methyl esters are the most commonly used derivatives of carboxylic acids for analysis 
because o f the wide range of available reagents for both estérification and 
transestérification o f fatty acids.
ÇH
CH.O C
CHCH.
 R
OH
CH3O C=^CH2
m/z 74 ion
C H 2 = C H  R
Figure 3.1. McLafferty rearrangement for formation o f m/z 74 ion (Solomons, 1996).
Mass spectrometry provides structural information about components present in a 
sample. Mass fragment m/z 74, which results from a McLafferty rearrangement, is
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
33
characteristic for fatty acid methyl esters (Figure 3.1). Therefore the occurrence o f m/z 74 
in the ion chromatogram indicates not only the presence o f fatty acids, but its intensity 
also is proportional to the quantity o f fatty acids present in the sample.
100%
TOT.
74
% ■ ■ '
C -1 5
:.Tl 1
C -1 6
C
m ' L
1 ■....— '— J—
c -
-1 8
C -2 0  C -2 2  
1 C -2 3
“ >------- 1--------
c -
2 4
C -2 5  
—1-----
[ . "1
2 6
C -2 7
C -2 8
2 3 .3 3
1 6 0 0
2 6 .6 6
1 8 0 0
3 0 .0 0
2000
3 3 .3 3
Scan number or Retention Time (Minutes)
Figure 3.2. Total ion current and m/z 74-ion chromatogram for off-line Py/GC/MS
analysis o f Pahokee peat sample.
Figure 3.2 shows total ion current and ion chromatogram corresponding to mass 
fragment 74, for chemopyrolysis GC/MS analysis o f a Pahokee peat sample. The lengths 
o f the carbon chain o f fatty acids were identified by the masses o f the parent ion 
corresponding to the particular peak, and by retention time. Retention times were 
determined by standard compound injections. Table 3.1 indicates the masses 
corresponding to fatty acids with various carbon chain lengths. Quantification o f these
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fatty acids were carried out using the peak areas obtained by integrating corresponding 
peaks, using the Varian Saturn software mass spectra interpretation routines.
Table 3.1. Masses corresponding to fatty acid methyl esters with various carbon chain 
lengths.
Carbon Chain 
Length
Molecular weight o f parent ion
12 214
14 242
15 256
16 270
17 284
18 298
20 326
22 354
23 368
24 382
25 396
26 410
27 424
28 438
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3.2 Conventional acid catalyzed derivatization 
Estérification in the presence o f an acid catalyst was used to derivatize fatty acids. 
Even though estérification can be carried out under basic catalysis conditions, 
derivatization of total fatty acids (both free and bound fatty acids) is not possible in basic 
medium (Silva, 2004). In this work HCl as well as BF3 were used with methanol as 
derivatizing agents. The resulting fatty acid methyl esters are amendable to gas 
chromatographic analysis, as they have higher volatility compared to corresponding fatty 
acids. The mechanisms of these fatty acids derivatizations are indicated in Figure 3.3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(a)
36
R— C— OH
m c
R-
 ̂ BF3
0
S - B F 3  
CH
O ^ ^ Ô H
0
OBF3
-► R----- C— CH
CHr
R— G— CCH3
H-transfer
0
0-rB F ,
R C"
F :
HbC— O
(b)
G
R— C— OH
0
a
OHL.
R ----- OH
C H j^ Ô H
OH
R-----C— OH
' H-transfer/ ^ 0
CH3 QH \  V Cl
0 - î - H
hbo HQ
O
R— C— OCH3
F
R 0 - 0 H2
CH3 -0
Figure 3.3 Mechanisms of acid catalyzed derivatization o f carboxylic acids (a) with 
BFa/MeOH (b) with HCl/MeOH (Solomons, 1996)
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The Pahokee peat sample was analyzed by GC/MS after derivatizing with these two 
acid catalyzed methods. Peak area per gram of sample versus length o f the carbon chain 
of the fatty acids obtained by both methods are shown in Figure 3.4.
Acid Catah’zed Derivatization
2.50E+08 1 
2.00E+08
gHCl/M eOH 
S  BF3/MeOH
1.50E+08
ai l.OOE+08 -
5.00E+07 -
O.OOE+00
14 16 17 18 20 22 23 24 25 26 27 28
Carbon chain length
Figure 3.4 Comparison o f BFg/MeOH and HCl/MeOH results.
Even though both methods have give high peak areas per gram o f sample. The 
HCl/MeOH derivatization method gave higher yields than that o f BFs/MeOH 
derivatization method, for long-chain fatty acids. Slight differences were observed at 
lower molecular weights, and more pronoimced differences at higher molecular weights. 
The reason for this difference can be attributed to the differences in acidities o f HCl and 
BF3. Strong acid HCl may have higher chance o f protonating the carboxyl acid group in 
fatty acids, which ultimately leads to formation o f the corresponding methyl esters.
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Further HCl may be strong enough to break down fatty acids associations, such as ester 
bonds present in soil/sediment samples.
3.3. Offline and Online Chemopyrolysis 
Chemopyrolysis involves heating organic material in the presence o f quaternary 
ammonium salts. This process results in decomposition of organic matter into the simpler 
components, and méthylation o f these simpler components. In online chemopyrolysis 
thermal decomposition products and methylated components are swept directly by a 
helium carrier gas into the GC column, where they are subsequently detected by MS.
Online chemopyrolysis was performed at three different temperatures (400°C, 500°C 
and 600°C) in the presence o f TMAH, in order to find the optimum temperature for 
analysis of our samples. 500°C was found as the optimum temperature for analysis, 
because o f higher yield o f high molecular weight acids. However there is no significant 
difference between the various results (Figure 3.5).
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Optimum Pyrolysis Temperature
8.0E+07 1 
7.0E+07 - 
6.0E+07 - 
I  5.0E+07 
^  4.0E+07 
I  3.0E+07 
2.0E+07 
l.OE+07 
O.OE+00
^6 0 0 C  
S500C  
□  400C
14 16 18 20 21 22
Length of Carbon Chain
23 24
Figure 3.5 Peak area per gram of sample with carbon chain length of fatty acids at three
different temperatures.
To discriminate between free and bound fatty acids ratios TMAH and tetramethyl 
ammonium acetate (TMAAC) have been used. The theory behind this discrimination is 
differences in nucleophilicities o f hydroxide and acetate groups (Hardell and Nilvebrant, 
1999). The hypothesis is that acetate and a much weaker nucleophile will not liberate 
fatty acids from triglycerides and other esters. Proposed mechanisms o f chemopyrolysis 
o f carboxylic acids with TMAH and TMAAC are shown in Figure 3.8. However, before 
applying this technique to our samples; experiments were carried out both with TMAH 
and TMAAC with the standard triglyceride mix where only bound fatty acids are 
available. Unexpected results, which show significant methyl ester formation, with these 
standards, were obtained as shown in Figure 3.6. We were able to observe methyl ester 
production with TMAAC, which we did not expect as standard triglyceride sample does 
not contain free fatty acids and this leads to a different conclusion from previous
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investigators. Although TMAAC is a weaker nucleophile than the hydroxide it can 
cleave some o f the ester bonds present in the sample and methylate resulting carboxylic 
acids at higher temperature prevailing in the pyrolysis filament. However detection limits 
are significantly different.
7.00E+05 n 
6.00E+05 - 
5.00E+05 - 
4.00E+05 -
I  3.00E+05 H 
2.00E+05 
l.OOE+05 
O.OOE+00
10
TMAH vs TMAAC
STM AH 
mTMAAC
12 14
Length of Carbon Chain
16
Figure 3.6. Variation of Peak area with number o f carbon in the alkyl chain of 
triacylglycerol in the presence of TMAH and TMAAC for On-Line Chemopyrolysis at
500°C.
Offline chemopyrolysis was performed in a furnace at 250°C in the presence o f 
TMAH and resulting methylated components were analyzed by GC/MS after extraction 
o f the sample with dichloromethane. Results obtained by analyzing a peat sample for 
fatty acids with these two methods (online and offline TMAH) are shown in Figure 3.7.
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TMAH Chemopyrolysis
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Q 0.8
0.7
0  ofifline-TMAH 
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O 0-4
g 0.3
< 0.2 
^  n 1
Carbon Chain Length
Figure 3.7 Comparison o f Online and Offline TMAH Chemopyrolysis by normalizing
results to C16 results o f Pahokee Peat.
Our results indieate that the offline method provides lower yield than the online 
method. Furthermore, higher earbon chain length fatty aeids were often not detectable 
with the on-line method. The lower detection limit may be due to insufficient amount of 
TMAH, or not enough time in the furnace under pyrolysis conditions. However when we 
increased the amount o f TMAH for the reaction, sealed ampoules exploded in the 
furnace, as TMAH can deteriorate the glass causing, the ampoule to burst. When we 
increased the reaction time, in the furnace, we did not observe better yields. Further, 
unlike in the online method, the loss o f components during the extraction and the 
concentration procedures are unavoidable. When we compare the time required per 
analysis, as well as the amount o f sample required per analysis, the online 
chemopyrolysis technique provides rapid and more reliable method for analysis o f fatty 
acids when compared to offline chemopyrolysis.
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Figure 3.8 Proposed mechanisms of chemopyrolysis o f carboxylic acids (a) with TMAH
(b) with TMAAC
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3.4 Comparison o f chemopyrolysis with conventional acid catalyzed derivatization 
Since analysis o f fatty aeids by GC/MS is dependent on the sueeessfnl derivatization, 
in this work chemopyrolysis and conventional acid catalyzed derivatization methods were 
compared (Figure 3.9).
Comaprison of Derivatization Methods
tC/D
‘SI
a,
§
I
2.50E+08
2.00E+08 -
1.50E+08
B offline-TMAH 
B online-TMAH 
m ofifline-BF3/MeOH 
□  HCl/MeOH
l.OOE+08 - 
5.00E+07 - 
O.OOE+00
14 16 17 18 20 22 23 24 25 26 27 28
Carbon Chain Length
Figure 3.9 Comparison o f chemopyrolysis with conventional acid catalyzed derivation
results.
Overall results show significant differences in detection limits o f fatty acids and also 
distribution is defined by method. The detection limit of conventional acid catalyzed 
methods is higher than that o f chemopyrolysis. However when we compare the analysis 
time and quantity o f the sample required for analysis, online chemopyrolysis requires 
only 5-10 mg o f sample and requires only 45 minutes per entire analysis. Therefore when 
we have to analyze large number of samples, such as environmental samples, the online 
chemopyrolysis may be a viable screening method.
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3.5 Fatty acids in Lake Mead sediments 
The above methods can be used to investigation of fatty acids present in Lake Mead 
sediments and examine variation of fatty acids distribution with depth in order to 
understand sediments dynamics in the lake. Variation o f the amount o f fatty aeids with 
earbon chain length 14, 16 and 18 for core VC 1 which was taken from near to the Las 
Vegas Wash (Figure 3.10) is shown in Figure 3.11.
1U°42'
UJMIsV BARGE CRUISE 02001 
Locations of co res In Las Vegas Bay and'#% ulder
\
'a
4000 M ete rs
Figure 3.10 Locations o f Cores in Las Vegas Bay and Boulder Basin of Lake Mead
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Figure 3.11 Peak Area per gram of sediments sample with depth for fatty acids in core 
VC 01 with alkyl chain length (A) Carbon-14 (B) Carbon-16, and (C) Carbon-18 for off­
line chemopyrolysis.
Obtained results (Figure 3.12) for same analysis for core VC-9 shows irregular 
variation o f fatty acids with depth.
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Figure 3.12 Peak Area per gram o f sediments sample with depth for fatty acids in core 
VC 09 with alkyl chain length (A) Carbon-14 (B) Carbon-16, and (C) Carbon-18 for off­
line chemopyrolysis.
3.6 References
1. Hardell, H.L.; Nilvebrant, N.O. J. Anal. Appl. Pyrolysis, 1999, 52, 1-14
2. Silva, A.S.; Quiros, R.B.; Hernandez, J.L.; Lasoda, P.P. Journal o f Chromatography 
A, 2004,1032, 7-15
3. Solomons, T. G., Organic Chemistry, John Wiley and Sons Inc., 6* Edition, 1996
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4 
CONCLUSIONS
Analysis o f fatty acids by Gas Chromatography Mass Spectrometry techniques 
depends on the successful derivatization of fatty acids, high-resolution chromatography 
and sensitive detection. When conventional acid catalyzed derivatization techniques and 
chemopyrolysis technique were compared, acid catalyzed methods have given higher 
yields than chemopyrolysis. However when all methods are compared, on-line 
chemopyrolysis is a rapid screening method to analyze fatty acids in environmental 
samples such as sediments. Off-line chemopyrolysis gives lower detection limits for 
analysis o f fatty acids.
Our results obtained for core VC 01 in Lake Mead sediments show the highest 
abundance of fatty acids in depth 20-30 cm. However same analysis for core VC 09 
shows irregular variation o f fatty acids with depth and overall it increases with depth.
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Figure A-1: The chromatogram obtained for Pahokee peat by online TMAH 
chemopyrolysis at 400®C (a): scan from 1350-1600 and (b): scan from 1600 to 2000
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Figure A-2: The chromatogram obtained for Pahokee peat by online TMAH 
chemopyrolysis at 500®C (a): scan from 1350-1550 and (b) scan from 1600 to 2000
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Figure A-3; The chromatogram obtained for Pahokee peat by online TMAH 
chemopyrolysis at 600®C (a): scan from 1350-1550 and (b) scan from 1600 to 2000
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Figure A-4: The chromatogram obtained for Pahokee peat by online TMAH 
chemopyrolysis at 500°C (a): scan from 1350-1550 and (b) scan from 1600 to 2000
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Figure A-5; The chromatogram obtained for Pahokee peat by off-line TMAH
chemopyrolysis
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Figure A-6 : The chromatogram obtained for Pahokee peat by BFg/MeOH scan from
1100-1700
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Figure A-7: The chromatogram obtained for Pahokee peat by BFa/MeOH scan from
1700-2200
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Figure A-8 : The chromatogram obtained for Pahokee peat by HCl/MeOH scan from
1250-1700
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Figure A-9; The chromatogram obtained for Pahokee peat by HCl/MeOH scan from
1700-2200
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Figure A -10: The chromatogram obtained for triacylglycerol mix by on-line TMAH
chemopyrolysis
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Figure A-11 : The ehromatogram obtained for triacylglycerol mix by on-line TMAAC
chemopyrolysis
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Figure A-12: The chromatogram obtained for core VC 1 (depth 24-26em) by off-line
TMAH chemopyrolysis
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Figure A-13: The chromatogram obtained for core VC 1 hy off-line TMAH 
chemopyrolysis (a): depth 34-36cm and (h): depth 76-78em
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Figure A-14: The chromatogram obtained for core VC 1 (depth 138-140cm) by off-line
TMAH chemopyrolysis
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Figure A-15: The chromatogram obtained for core VC 9 (depth 15-16cm) by off-line
TMAH chemopyrolysis
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Figure A -16: The chromatogram obtained for core VC 9 by off-line TMAH 
chemopyrolysis (a): depth 73-74cm and (b): depth 101-102cm
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